Sister chromatid cohesion, which is essential for mitosis, is mediated by a multi-subunit protein complex called cohesin. Cohesin's Scc1, Smc1 and Smc3 subunits form a tripartite ring structure, and it has been proposed that cohesin holds sister DNA molecules together by trapping them inside its ring. To test this, we used site-specific crosslinking to create chemical connections at the three interfaces between the three constituent polypeptides of the ring, thereby creating covalently closed cohesin rings. As predicted by the ring entrapment model, this procedure produced dimeric DNA-cohesin structures that are resistant to protein denaturation. We conclude that cohesin rings concatenate individual sister minichromosome DNA molecules.
Sister chromatid cohesion is mediated by a multi-subunit complex called cohesin which contains four core subunits: Smc1 and Smc3, which are members of the structural maintenance of chromosomes (SMC) protein family, and two non-SMC subunits, Scc1 (also called Mcd1) which is a member of the kleisin family, and Scc3 (SA) 1, 2 . Sister chromatid disjunction occurs when all chromosomes have been bi-oriented, and it is triggered by site-specific cleavage of the Scc1 subunit of cohesin by separase 3 . The Smc1 and Smc3 subunits of cohesin both form rod-shaped molecules that heterodimerize by means of 'hinge' domains situated at the ends of 30-nm-long intramolecular antiparallel coiled coils 4, 5 . ATPase 'heads' at the other ends are connected by the Scc1 kleisin subunit of cohesin, thereby forming a tripartite ring with a 35 nm diameter 4, 6 . It has been proposed that cohesin holds sister chromatids together by trapping sister DNAs inside its ring. By severing Scc1, separase is thought to open the ring and thereby release sister DNAs from their topological embrace.
To investigate the physical nature of sister chromatid cohesion, we recently used sucrose gradient sedimentation and gel electrophoresis to purify cohesed (held together by cohesin) sister chromatids of small circular minichromosomes from yeast 7 . The minichromosome dimers are composed of individual DNAs packaged into nucleosomes that are converted to monomers by cleaving Scc1 or by linearizing their DNA. Notably, their formation depends on centromeres as well as cohesin (see Supplementary Information and Supplementary Fig.  1 ). These data are consistent with (but do not prove) the notion that cohesin attaches to chromatin using a topological mechanism. However, they do not exclude the possibility that cohesion requires the non-topological association of cohesin rings bound to different chromatin fibres 8 . If cohesin holds dimeric minichromosomes together by trapping them inside its ring, then introducing covalent connections between the Smc1-Smc3 hinge, Smc1 head-Scc1-carboxy terminal and Smc3 head-Scc1-amino terminal interfaces should create a chemically circularized cohesin ring within which sister DNAs would be trapped even after protein denaturation (Fig. 1a) . We describe here experiments that test this prediction.
Covalent connection of the three cohesin ring subunits To connect cohesin subunit interfaces covalently, we used the homobifunctional thiol-reactive chemicals dibromobimane (bBBr) and bis-maleimidoethane (BMOE) which bridge thiol groups up to 5 Å or 8 Å respectively 9, 10 ( Supplementary Fig. 2 ). We created a homology model of the yeast Smc1-Smc3 hinge heterodimer based on the homodimeric Thermotoga maritima crystal structure 4, 11 and identified two juxtaposed side chains that we mutated to cysteines. Incubation of the engineered Smc1-Smc3 hinge dimer with either bBBr or BMOE caused efficient crosslinking within a few minutes (Fig. 1b) . Notably, crosslinking was dependent on both cysteine substitutions. We used the same approach to connect the loop between the two b-strands of the winged-helix of Scc1 to a b-strand in the ATPase head of Smc1 (ref. 12; Fig. 1c ). Because no structural information is available for the interface between the ATPase head of Smc3 and the amino-terminal domain of Scc1, we expressed Smc3 and Scc1 as a fusion protein, using a long flexible linker containing triple target sequences for the TEV protease to connect the C terminus of Smc3 with the N terminus of Scc1 (Smc3-TEV-Scc1) 13 . To create cohesin rings that could be chemically circularized by BMOE or bBBr, the cysteine substitutions were introduced into both Smc3-TEV-Scc1 and Smc1.
Crosslinking produces SDS-resistant minichromosome dimers A 2.3-kilobase (kb) circular minichromosome 7 was introduced into yeast strains in which the Smc1 and Smc3-TEV-Scc1 polypeptides contained either all four cysteine substitutions or only a subset of these. After nocodazole arrest and cell lysis, extracts were centrifuged through sucrose gradients, and fractions containing monomeric and dimeric minichromosomes were detected by native agarose gel electrophoresis and Southern blotting. Dimeric minichromosomes could still be isolated from yeast cells in which the cohesin ring subunits had been engineered to permit cohesin circularization. The cysteine substitutions had little adverse effect, but the fusion of Scc1 to Smc3 roughly halved the fraction of dimeric minichromosomes (Fig. 2a) . This was not surprising as the fusion causes partial cohesion defects in vivo 13 . Dithiothreitol (DTT), sucrose and other low-molecular-mass contaminants were removed from the gradient fractions by dialysis and cohesin subunits were treated with bBBr, BMOE or merely dimethylsulphoxide (DMSO) solvent. After quenching the reaction by the re-addition of DTT, SDS was added to a final concentration of 1% and the samples were heated to *These authors contributed equally to this work.
65 uC for 4 min. The denatured samples were finally electrophoresed in agarose gels containing ethidium bromide, and minichromosome DNA was detected by Southern blotting.
Dimer fractions from control cells expressing unmodified cohesin contained four species of DNA (Fig. 2b, panel F) . The fastest migrating and most predominant are supercoiled monomers (species 1; Fig. 2f ). Owing to SDS in the loading buffer, the next two species (2 and 3) were poorly resolved from each other. These DNAs comigrated with monomeric nicked circles produced by nicking enzyme after removal of nucleosomes with 2 M potassium chloride (Fig. 2d) and with (infrequently) intertwined-that is, concatenated-supercoiled DNAs isolated from a topoisomerase II mutant (Fig. 2e) , and therefore include both of these species of DNA. The nicking enzyme treatment revealed that about 10% of DNAs from dimer (but not monomer) fractions are DNA-DNA concatemers ( Fig. 2d and data not shown) . The least abundant species (4) migrated more slowly than two intertwined supercoiled circles (3) but more rapidly than two intertwined nicked circles generated by treatment with nicking enzyme (5 (2) correspond to one supercoiled circle intertwined with one nicked circle. Treatment of dimer fractions with bBBr or BMOE had no effect on the electrophoresis profile of minichromosome DNAs (Fig. 2b, panel  F) . Moreover, the very same pattern was observed when dimeric minichromosomes were isolated from strains expressing the Smc3-TEV-Scc1 fusion (Fig. 2b , panel E) and crosslinkable cysteine pairs at either the Smc1-Scc1 or the Smc1-Smc3 interface (Fig. 2b , panels C and D). In contrast, bBBr and BMOE but not DMSO alone caused the appearance of two additional species of DNA when dimers were isolated from a strain containing the Smc3-TEV-Scc1 fusion and cysteine pairs at both interfaces (Fig. 2b, panel B) . The more abundant DNA species (7) migrated slightly more slowly than intertwined supercoiled circles, whereas the less abundant (8) migrated slightly more slowly than supercoiled circles intertwined with nicked circles. Their electrophoretic mobilities and the fact that neither was detected when identical crosslinking reactions were conducted with monomer fractions (Fig. 2b, panel A and Fig. 2c ) suggest that they represent novel dimeric forms. Their formation occurs at the expense of supercoiled and nicked monomeric circles.
Our data suggest that the faster form (7) is a dimer of supercoiled monomeric circles associated with cohesin whereas the slower form (8) is a dimer between supercoiled and nicked circles associated with cohesin. Consistent with this, both were converted to a form (9) that co-migrates with intertwined nicked circles (5) when treated with nicking enzyme (Fig. 2d) . The extra mass of cohesin probably has little effect on the electrophoretic mobility of this slow running species. Notably, neither novel dimer was produced when just one of the four cysteine substitutions was lacking ( Supplementary Fig. 3a) , suggesting that they arise due to the simultaneous crosslinking of both cysteine pairs at the Smc1-Smc3 hinge and Smc1-Scc1 interfaces. Crosslinked dimers were also produced when minichromosomes were isolated from cycling cultures (Supplementary Fig. 3a) , suggesting that their formation is not an artefact caused by arresting cells with nocodazole. Finally, no slower migrating species could be observed when DNA was linearized with a restriction enzyme after crosslinking ( Supplementary Fig. 3b ). In conclusion, covalent closure of the cohesin ring converts dimeric but not monomeric minichromosomes to a dimeric form that is resistant both to SDS and to 2 M potassium chloride (native dimers are converted to monomers at 0.5-1 M potassium chloride; Supplementary Fig. 4 ).
Circularized cohesin holds individual DNAs together
To test whether the SDS-resistant dimers produced by cohesin circularization are indeed monomeric DNAs held together by cohesin, we used two-dimensional gel electrophoresis. Denatured crosslinked samples were resolved on an agarose gel as before (the first dimension), and then electrophoresed perpendicularly through a thin zone of agarose or agarose containing proteinase K into a second agarose gel (the second dimension). Proteinase K should digest any proteins before DNAs enter the second gel and DNAs that ran as dimers in the first dimension should run as monomers in the second dimension if they were initially held together by a proteinaceous (that is, cohesin) connection. In the absence of proteinase K, all DNA species migrate identically in first and second dimensions and therefore lie on a diagonal line (Fig. 3a) . Several species also ran on the diagonal in the presence of proteinase K, namely monomeric supercoils (1), monomeric nicked circles (2), intertwined supercoils (3), and nicked circles intertwined with supercoils (4) (Fig. 3a) . In contrast, DNAs of presumptive dimers of two supercoiled minichromosomes held together by cohesin (7) migrated as monomeric supercoils in the second dimension (7R1), whereas presumptive supercoiled-nicked circle dimers held together by cohesin (8) split into monomeric supercoils (8R1) and nicked circles (8R2). Thus, chemical circularization of cohesin associated with native dimeric minichromosomes is accompanied by the crosslinking of monomeric DNAs to create SDS-resistant but protease-sensitive dimers.
The protease-containing two-dimensional gel revealed two new types of low abundance DNAs. The first (6) migrated considerably slower than monomeric supercoils in the first dimension but ran as monomeric supercoils in the second dimension (6R1). These DNAs were only detected in monomeric or dimeric minichromosome preparations in which cohesin rings had been covalently closed (data not shown). They presumably correspond to rare supercoiled monomers the migration of which is retarded by their association with (entrapment by) a chemically circularized cohesin ring. The second species (10) co-migrated with cohesin-mediated supercoiled dimers in the first dimension but with intertwined supercoils (and nicked circles) in the second dimension. These DNAs could correspond either to monomeric nicked circles associated with cohesin or, more probably, to intertwined supercoils that are also associated with cohesin.
If cohesin circularization by bBBr and BMOE crosslinking per se is responsible for the formation of SDS-resistant minichromosome dimers, then cleavage of the cohesin ring should be sufficient to release the monomeric DNAs. To test this, we incubated crosslinked dimeric minichromosome preparations with or without TEV protease to cleave the linker connecting Smc3 and Scc1. The presence of TEV greatly reduced both types of DNA dimers induced by the circularization of cohesin (7 and 8), which was accompanied by a corresponding increase in monomeric DNAs (1 and 2) (Fig. 3b) . This effect was clearly caused by cleavage of the TEV sites in the Smc3-Scc1 linker because DNA dimers produced by circularization of cohesin with a TEV-resistant Smc3-Scc1 linker were unaffected by TEV protease (Fig. 3b) . We conclude that the SDS-resistant association of sister DNAs induced by crosslinking the three subunits of cohesin does not merely accompany the circularization of cohesin but actually depends on it. together. a, Crosslinked and denatured samples were run on an agarose gel, excised and run on a second agarose gel in perpendicular direction. A thin slot between the first dimension lane and the second gel was filled with either agarose or agarose containing 0.2 mg ml 21 proteinase K. In the absence of protease, all bands run on a diagonal. In the presence of protease, supercoiled-supercoiled cohesed dimers (7) run as supercoiled monomers (7R1) in the second dimension, whereas supercoiled-nicked cohesed dimers (8) split up into supercoiled (8R1) and nicked (8R2) monomers in the second dimension, more clearly visible in a longer exposure (bottom panel). A faint band, presumably corresponding to cohesin bound supercoiled monomers (6) , is converted into naked supercoiled monomers (6R1) on protease cleavage. An additional band (10) running off the diagonal presumably corresponds to supercoiled-supercoiled concatenated minichromosomes that had bound cohesin. b, Crosslinked minichromosome samples were treated with or without TEV protease before denaturation. The slower migrating bands (7 and 8) 
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Cohesion by single or double cohesin rings?
The simplest explanation for the crosslinking results is that sister DNAs are topologically trapped within single (monomeric) cohesin rings ( Supplementary Fig. 5a ). An alternative albeit more complicated possibility envisions entrapment of sister DNAs either by rings that are themselves topologically intertwined ( Supplementary Fig.  5b ) or by dimeric cohesin rings. Only two cysteine crosslinks are needed for entrapment by single rings, whereas four are required by double ring models. If we knew the efficiency with which bBBr and BMOE crosslink the Smc1-Smc3 and Smc1-Scc1 interfaces and the number of cohesin bridges, then we could calculate the fraction of DNAs that should be trapped as dimers according to the two models and compare these to what is actually observed.
To estimate the protein crosslinking efficiency, we added purified Smc1-Smc3 hinge or Smc1 head-Scc1-C to crosslinkable minichromosome dimer preparations before crosslinking with bBBr or BMOE and denaturation. One-half of the reaction was run on SDS-PAGE and the fraction of crosslinked proteins was measured after SYPRO ruby staining (Fig. 4a) . The other half was run on an agarose gel and the fraction of dimerized DNA was measured by Southern blotting (Fig. 4b) . The fraction of rings expected to be crosslinked at both interfaces, which is given by multiplying individual crosslinking efficiencies, was 30% for both bBBr and BMOE. We would therefore expect 30% of DNAs to be dimerized if held together by a single cohesin ring but only 9% by a double ring. Estimating the actual number of bridges is harder because the gradient fractions contain much cohesin that is not associated with minichromosomes (data not shown). However, if we assume that a single bridge is sufficient to hold sister DNAs together and that cross-bridges form in vivo and survive fractionation in vitro with a defined probability (l), then the fraction of chromosomes f(x) with x bridges should fit a Poisson distribution. f(0) can be measured directly, namely by measuring the fraction of monomeric minichromosomes (Supplementary Fig. 6a ) and DNA-DNA concatemers (Fig. 2d) , which permits calculation of l (see Supplementary Information). Because f(0) is large, most native dimeric minichromosomes are predicted to have a single bridge. Taking this into account, the single and double ring models predict 32% and 10% dimerization, respectively. The observed value with both reagents was 30% (Fig. 4b) , which is inconsistent with the double ring model and close to that predicted by the single ring model.
Single and double ring models also make different predictions for heterozygous diploids that express equal amounts of TEV-cleavable and TEV-resistant Smc3-Scc1 fusion proteins (Supplementary Fig.  6b ). In the case of one cross-bridge, the single ring model predicts that 50% of crosslinked dimers should survive cleavage of half the cohesin rings. In contrast, the double ring model predicts only 25% because cleavage of just one ring is sufficient to destroy dimers held together by intertwined rings. We isolated minichromosome dimers from cleavable and non-cleavable haploids, from a 1:1 mixture of the two and from heterozygous diploids. These were crosslinked, treated either with TEV protease or a non-catalytic TEV mutant, denatured with SDS and run on an agarose gel. The fraction of DNAs dimerized by crosslinking was measured by scanning Southern blots. This showed that about 50% of cohesed minichromosomes survived TEV treatment when isolated from heterozygous diploids as well as the 1:1 mixture of haploids (Fig. 4c) . These data fit the single but not the double ring model. We note that the latter model also predicts that a sizeable fraction of crosslinked dimers (species 7 and 8) from heterozygous diploids should be converted by TEV cleavage to supercoiled monomers associated with cohesin (species 6), which is not observed (Fig. 4c) .
Discussion
Our crosslinking experiments are consistent with the notion that sister minichromosome DNAs are entrapped by a single monomeric ring. Notably, they exclude the possibility that the connection between sister DNAs is mediated by non-topological interactions between cohesin complexes associated with each sister 8 . Given the specificity of the crosslinking by bBBr and BMOE, there is no reason to suppose that putative interactions between cohesin rings will have been crosslinked in our experiments. Double-ring models proposing topological cohesin-cohesin interactions or a gigantic ring formed by two cohesin complexes are difficult to reconcile with the findings that the fraction of DNAs dimerized is almost identical to the fraction of cohesin rings circularized and not to the square of this fraction, and that cleavage of half the cohesin rings reduces dimers to 50% and not 25%.
Our conclusion that sister chromatin fibres of dimeric minichromosomes are threaded through cohesin rings provides a simple and potentially adequate mechanism to explain the ability of cohesin to hold sister chromatids together. Cohesin could therefore be considered a 'concatenase'. It will be important to address whether it uses the same mechanism at loci farther away from core centromeres, whether it sometimes traps individual chromatin fibres, and if so whether it is capable of forming chromatin loops. We detected rare instances where the individual DNA trapping occurred on the minichromosomes, namely monomeric DNAs that on cohesin circularization are retarded in their electrophoretic mobility (species 6) in a Protein-protein crosslinking efficiencies by bBBr and BMOE were measured by spiking dimer fractions (K14856) with purified double cysteine mutants of Smc1-Smc3 hinge or Smc1-Scc1-C complex preparations. a, After crosslinking, half the reactions were separated by SDS-PAGE and band intensities were measured after SYPRO Ruby staining. b, The remainder of the reactions was run on an agarose gel and the fractions of cohesed minichromosomes (7 1 8/total) were quantified after Southern blotting. c, Minichromosome dimer fractions from haploid strains expressing TEVcleavable Smc3-Scc1 (K14856), from haploids expressing Smc3-Scc1 resistant to TEV cleavage (K15089), from a 1:1 mixture of the two haploids, or from a diploid strain containing one TEV-cleavable and one TEVresistant SMC3-SCC1 allele (K15267) were crosslinked with bBBr, treated with wild-type or a non-catalytic (nc; C151A) mutant of TEV protease, denatured and separated by agarose gel electrophoresis. Peaks corresponding to cohesed supercoiled minichromosome dimers (7) were integrated and the peak area after incubation with active versus non-catalytic TEV protease was compared. Assuming the number of cohesin cross-bridges follows a Poisson distribution, we would expect 53% or 27% of crosslinked dimers surviving TEV treatment for single or double ring models, respectively. The observed value is 54% 6 6% (n 5 3; error 6 s.d.); clev., cleavable; res., resistant.
manner that is destroyed by ring cleavage. Cohesin is known to associate with chromatin before DNA replication, when it cannot be involved in holding sisters together. Moreover, it can associate with replicated chromosomes in a way that does not lead to cohesion between sisters 12, 14 . We suggest that cohesin frequently does trap individual chromatin fibres and that its activity in post-mitotic cells in Metazoa might involve this type of action 15, 16 . If we are correct in concluding that cohesin is a novel type of concatenase, then it is not implausible to imagine that other SMC-kleisin complexes such as condensin and its bacterial equivalent have related activities. Indeed, the deep evolutionary roots of these types of complexes suggest that the ability to concatenate DNA may have been an activity without which DNA genomes could not have evolved.
METHODS SUMMARY
To establish cysteine crosslinking reactions, the Smc1 and Smc3 hinge domains were co-expressed in Escherichia coli and purified by means of a C-terminal His 6 tag on Smc1 and gel filtration. The Smc1 head-Scc1-C complex was co-expressed in insect cells using the baculovirus system and purified as described 12 . Proteins were incubated with DMSO or final concentrations of 200 mM bBBr or 1 mM BMOE before SDS-PAGE and Coomassie staining. Minichromosomes were isolated as described 7 following a slightly modified protocol. Gradient dimer fractions were dialysed against reaction buffer and incubated for 10 min with DMSO, 200 mM bBBr or 1 mM BMOE. Reactions were quenched by addition of DTT to 10 mM and proteins were denatured by 4 min incubation at 65 uC in 1% SDS before agarose gel electrophoresis and Southern blotting. Where indicated, quenched crosslinking reactions were incubated for 1 h at 30 uC with TEV protease at 0.2 mg ml
21
. To measure crosslinking efficiencies in minichromosome fractions, purified protein dimers were added at a final concentration of 3 mM to ensure saturated association of the nanomolar affinity interactions between the dimer subunits.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
